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HIGH ENERGY ARBITRARY WAVEFORM SOURCE 

BACKGROUND OF THE INVENTION 
[0001] The present invention relates generally to optical radiation sources and, 
more particularly, sources of high-energy optical radiation having arbitrary or 
desired waveforms. In a number of applications, optical radiation with an arbitrary or 
desired waveform is needed, but typical sources for this purpose effect control of an 
optical output waveform by pulse suppression and have a relatively low electrical 
efficiency. Previously available optical sources also lack the ability to provide any 
desired waveform. The ability to control the waveform of a high-energy optical 
source has useful applications in laser welding, lidar (light detection and ranging, 
which is analogous to radar), and infrared countermeasures (IRCM). In the case of 
IRCM, using a source with low electrical efficiency results in increased weight, 
which may be unacceptable for airborne IRCM applications. 

[0002] Accordingly, there has been a need for an optical radiation source of 
which the waveform can be selected to meet specific requirements of an 
application. The present invention satisfies this need. 

SUMMARY OF THE INVENTION 
[0003] The present invention resides in a high-energy optical source capable of 
producing any desired waveform. Briefly, and in general terms, the optical source 
comprises a source of input laser pulses; a first dispersive element, for 
decomposing the input laser pulses into multiple frequency components directed 
along multiple optical paths; multiple phase and amplitude modulators connected in 
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the respective optical paths; multiple power amplifiers connected in the respective 
optical paths; a second dispersive element coupled to receive amplified optical 
signals from multiple power amplifiers and arranged to disperse light from the 
multiple optical paths along a single output optical axis, as a single amplified 
composite output beam; and means for controlling the multiple phase and amplitude 
modulators to produce desired properties in the amplified composite output beam. 
[0004] The invention may also be defined as a method for generating a high- 
energy optical beam of any desired waveform. The method comprises the steps of 
generating an input beam comprising a train of pulses; decomposing the input beam 
into multiple frequency components directed along multiple optical paths; 
modulating the phase and amplitude of the multiple frequency components of the 
input beam; amplifying the multiple frequency components in respective multiple 
power amplifiers connected in the respective optical paths; recombining the multiple 
frequency components in a dispersive element arranged to disperse light from the 
multiple optical paths along a single output optical axis, as a single amplified 
composite output beam; and controlling the modulating step to produce desired 
properties in the amplified composite output beam. 

[0005] It will be appreciated from the foregoing summary that the present 
invention represents a significant advance in high-energy optical sources. In 
particular, the invention provides the ability to synthesize a desired output waveform 
from amplified components of different frequencies. For specific applications, the 
output may be switched between "on" and "off" states. Other aspects and 
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advantages of the invention will become apparent from the detailed description 
below, taken in conjunction with the accompanying drawings 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0006] Fig. 1 is a simplified block diagram showing the principal components of 
the invention. 

[0007] Fig. 2 is a block diagram showing the invention as used in a specific 

application in combination with a nonlinear optical converter. 

[0008] Fig. 3 is a graph showing the output of the device of the invention, as 

switched between mode-locked operation and quasi-continuous-wave (QCW) 

operation. 

[0009] Fig. 4 is a graph showing how the output depicted in Fig. 3 is affected by 
processing in the nonlinear optical converter of Fig. 2. 

[0010] Fig. 5 is a graph showing a typical train of output pulses from the device 
of the invention as applied in ON/OFF keying of an optical source for application to 
infrared countermeasures (IRCM). 

[001 1] Fig. 6 is schematic diagram of the device of the invention. 

DETAILED DESCRIPTION OF THE INVENTION 
[0012] As shown in the drawings for purposes of illustration, the present 
invention is concerned with the generation of high-energy optical radiation with a 
desired waveform, the nature of which is application dependent. For example, 
optical remote sensing and applications such as infrared/optical countermeasures 
require modulated waveforms of optical pulse trains. Conventional techniques use 
amplitude modulation schemes in which a laser beam intensity is varied over time to 
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achieve the desired waveforms. Electro-optic modulation (EOM) and acousto-optic 
modulation (AOM) are examples of these techniques. EOM provides modulation 
rates of up to tens of gigahertz (GHz), and AOM operates typically in the range of 
tens of megahertz (MHz). Choice of materials and device dimensions limits use of 
these devices to certain wavelength regions and power levels. Also, these high- 
energy arbitrary waveform sources inherently suffer from low electrical efficiencies. 
[0013] In accordance with the invention, high-energy optical waveforms and 
pulse trains are generated at modulation rates, wavelength ranges, and power 
levels beyond the limitations imposed by currently available techniques and 
materials. In brief, the method of the invention is based on synthesizing optical 
pulse trains and waveforms by coherently combining multiple continuous-wave 
(CW) laser beams with a set of discrete optical frequencies. Adjusting the relative 
phases of each laser beam having particular frequency components yields a choice 
of arbitrary optical pulses and waveforms, as mathematically governed by Fourier 
series synthesis. For example, combining multiple beams having a set of equally 
spaced comb of frequencies, with all the phases set to the same reference phase, 
produces a train of short pulses, that is, a mode-locked pulse train. When the 
phases are set to other values, different waveforms can emerge as a result of 
coherent summation of the radiation fields within the combined laser beam. This 
process allows the generation and control of the optical modulation envelope by 
Fourier synthesis, and a device having such capability may be termed a Fourier- 
optic modulator (FOM). 
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[0014] Fig. 1 depicts a simplified embodiment of the invention, showing its 
principal elements. A short-pulse optical source, such as a mode-locked laser 
(MLL), indicated by reference numeral 10, generates an input pulse train, as 
indicated at 12. The input pulse train is input to a first dispersive element 14, which 
decomposes the pulse train into multiple continuous-wave (CW) wavelengths or 
modes. Multiple outputs from the first dispersive element 14 are coupled to an equal 
number of phase modulators 16, which are controlled in accordance with the 
invention to provide a desired composite output signal. The outputs of the 
modulators 16 are coupled to an equal number of fiber amplifiers 18, which boost 
the CW power in each mode. The outputs of the fiber amplifiers 18 are re-combined 
in a second dispersive element 20 and yield the composite output signal on optical 
line 22. As indicated by the waveform at 24, the phases of the individual modes may 
be selected to provide an output waveform that is an amplified version of the 
original pulse train shown at 12. Alternatively, the phase modulators 16 may be so 
adjusted as to produce a desired arbitrary waveform, as indicated at 26, with no 
significantly amplified peaks. 

[0015] The ability to produce either mode-locked output waveform, such as that 
shown at 24, or an arbitrary waveform without peaks, such as that shown at 26, is of 
high importance in applications such as infrared countermeasures, which ideally 
require an output that can be switched on and off between high-energy peaks and a 
practically zero output. Given the apparatus of the invention, this objective can be 
accomplished as shown in Fig. 2. Block 30 represents a coherently phased 
frequency-comb fiber laser device, of the type depicted in Fig. 1 . The output, on 
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optical line 22, is either a highly amplified mode-locked waveform, or an arbitrary 
waveform without peaks, which will be referred to as a quasi-continuous-wave 
(QCW) output. The desired contrast between these two types of output signals is 
further enhanced by coupling the output signal to a nonlinear optical converter 32, 
which may, for example, effect frequency conversion by means of an optical 
parametric oscillator. In any event, the optical converter 32 functions as a 
thresholding device, and blocks transmission of energy below a selected threshold 
level. 

[0016] Fig. 3 is a graph showing how the output signal on line 22 might vary 
with time, alternating between mode-locked operation and QCW operation. In 
mode-locked operation, the output on line 22 is a pulse train with a succession of 
well defined peaks. In QCW operation, the output on line 22 has no significant 
peaks and includes an arbitrary waveform with peak values many times lower that 
the peaks produced during mode-locked operation. The nonlinear optical converter 
32 interposes a threshold, indicated by a dotted line in Fig. 3. Therefore, because 
the waveform in QCW operation falls entirely below the threshold, the nonlinear 
optical converter 32 produces an output on line 34 as illustrated in the graph of Fig. 
4, including the high-energy peaks when during mode-locked operation and an 
essentially zero signal when mode-locked operation is switched off. Therefore, the 
invention provides a high-energy output signal that may be turned on or off as 
desired. 

[0017] Fig. 5 is a graph that depicts in more general form a desired on/off keyed 
high-energy source, such as may be used for infrared countermeasures (IRCM). 
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The graph shows trains of individual pulses (the vertical lines) and the envelopes of 
the pulse trains. The pulse trains are separated by selected "off" intervals, produced 
with a set of phases chosen to produce a near constant, lower level, optical power, 
which is then further suppressed by the nonlinear optical converter 32 (Fig. 2). 
[0018] In theory the width of a pulse produced in mode-locked mode is given by 
8t = AT/M, where AT is the period of the pulses and M is the number of modes. The 
peak intensity in mode-locked operation is M times the average intensity. Therefore, 
the average power over time AT is M times higher during the ON state (mode- 
locked) than it is in the OFF state (QCW). 

[0019] Fig. 6 is a more detailed diagram of the optical source of the invention. 
The lower part of the figure, including the short-pulse source 10, first dispersive 
element 14, phase modulators 16, fiber amplifiers 18, and second dispersive 
element 20, are essentially the same as the corresponding elements shown in Fig. 
1, producing a composite output on optical line 22. The short-pulse source 10 is 
shown as including a mode-locked master oscillator 40, an isolator 42, a beam 
splitter 44 and a phase-locked loop 46. A portion of the output of the short-pulse 
source 10 is split off in a second beam splitter 48, to be further discussed below. 
The remainder of the output signal passes through an anamorphic beam expander 
50, before impinging on the first dispersive element 14, which may take the form of 
an optical grating, the effect of which is to produce linear array of multiple beams at 
different frequencies. These multiple beams are focused by a lens 52 into a fiber 
array 54, each fiber element of which is coupled through a phase/amplitude 
modulator 16, and then the phase and amplitude adjusted beams are passed 
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through the power amplifiers 18. The amplifier outputs are coupled to an output 
fiber array 56, the outputs of which are focused by a lens 58 onto the second 
dispersive element 20, taking the form of another optical grating. This second 
grating diffracts each frequency component along a single common optical axis, to 
provide the output beam 22, consisting of a set of frequency components with 
independently adjustable phases. 

[0020] The upper portion of Fig. 6 includes phase control electronics 60 and 
various other optical and electro-optical elements used to generate appropriate 
control signals to the phase/amplitude modulators 16. A portion of the original pulse 
train beam from the short-pulse source 10 is split off by the beam splitter 48 to 
provide a reference beam, which is passed through a time delay 62, a frequency 
shifter 64 and an anamorphic expander 66. The reference beam subsequently 
impinges on another grating 68 and is focused by a lens 70 into an array of fibers 
72 coupled to a phase sensor array 74, which outputs signals over lines 76 to the 
phase control electronics 60. An arrangement of mirrors 78 directs the reference 
beam onto the grating 68. A beam splitter 76 extracts a sample from the output 
beam 22 and the mirrors 78 direct this sample output beam onto the same grating 
68. 

[0021] The control and adjustment of the relative phases of the component 
beams uses heterodyne optical measurement of the relative phase of each 
frequency component. The reference beam from the master oscillator 40 is 
frequency shifted by a heterodyne beat frequency, using the frequency shifter 64. 
The shifted reference beam is grating 68 disperses the sampled output beam and 
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the frequency-shifted reference beam in such a way that the corresponding 
frequency components produce interference signals on the array of photo-detectors 
74. Each detector output signal is mixed with a reference beat frequency signal and 
generates an electronic phase shift signal. The phase control electronics 60 process 
these phase shift signals to generate drive signals that adjust the respective phase 
modulators 16. This procedure creates a set of phases for each frequency 
component by feedback control, until the procedure converges to a particular set of 
values as determine by the phase control electronics settings. Therefore, the 
adjustment method provides an electronic means to control and synthesize any 
optical waveform. 

[0022] The arrangement described in the previous paragraph for sensing phase 
shifts between the input and output of the device of the invention is derived in part 
from the teachings of US Patent No. 6,229,616, entitled "Heterodyne Wavefront 
Sensor," and US Patent No. 6,366,356, entitled "High Average Power Fiber Laser 
System With High-Speed, Parallel Wavefront Sensor," both invented by Stephen J. 
Brosnan et al. In essence, the arrangement of components provides a measure of 
phase shift from input to output, for each of the frequency components of the 
composite beam. When mode-locked operation is desired, the phase control 
electronics 60 functions to preserve the relative phase relationships of the beam 
components, so that the output beam waveform is an amplified version of the 
original waveform. For operation in the quasi-continuous-wave (QCW) mode, the 
phase control electronics 60 functions to deliberately disturb the original phase 
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relationships of the frequency components in such a way that the components do 
not combine to produce significant peaks. 

[0023] Although the invention has been described for the most part as 
producing two alternative output waveforms, one of which is an amplified form of the 
original and the other of which is a relatively low-amplitude constant wave, it will be 
understood that the phase control electronics 60 may be configured to produce any 
desired output waveform, utilizing principles of Fourier synthesis. In accordance 
with the general principles of the invention, the original waveform is divided into 
frequency components, which are separately controllable in phase and amplitude 
before being recombined. Therefore, by appropriate control of the phases and 
amplitudes of the frequency components, an amplified optical signal of any desired 
waveform may be generated, within the constraints of Fourier synthesis. 
[0024] Other components shown in Fig. 6, including pulse length diagnostics 
and related optical elements, are used for experimental and diagnostic purposes 
and are not important to the general principles of the invention. 
[0025] It will be appreciated from the foregoing description that the present 
invention represents a significant advance in the field of high-energy optical 
sources. In particular, the invention provides a much more efficient technique for 
generating an amplified optical output with a desired waveform. For the specifically 
described embodiment, the optical output may be switched between an "on" state in 
which the output comprises a train of narrow peaks and an "off" state in which the 
output comprises low-level radiation that can reduced to practically zero with use of 
an optical thresholding device. It will also be appreciated that the present invention 
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may be easily modified to encompass embodiments not specifically illustrated and 
described. Accordingly, the invention should not be limited except as by the 
appended claims. 
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